Introduction {#s1}
============

Drug interactions have became an important issue in health care, since they have often caused severe adverse effects leading to serious problems in both drug development and clinical practice [@pone.0061983-Tucker1]. Since hepatic metabolism is the major pathway of elimination of most of the drugs on the market, and cytochromes P450 (CYPs) are the most common enzymes involved, most drug interactions arise from either inhibition or induction of CYP enzymes. Although inhibition of CYPs is generally considered to be more clinically dangerous than their induction, serious or even fatal drug interactions have also been reported to occur as a result of CYP induction, e.g. transplant rejection or an exacerbation of hepatic failure following acetaminophen overdose [@pone.0061983-Park1], [@pone.0061983-Fuhr1]. Liver function has recently been shown to play a prominent role in determining the magnitude of inhibitory drug interactions because, as liver function worsens, the degree of inhibition decreases to negligible levels [@pone.0061983-Orlando1]--[@pone.0061983-Palatini1]. On the contrary, despite over 40 years of investigation, the effect of liver disease on the magnitude of drug interactions consequent upon enzyme induction is still an unresolved question, mainly because of the highly conflicting results obtained. Thus, two reviews on this subject arrived at opposite conclusions, namely that "in severe liver disease, the ability of the liver enzymes to respond to enzyme-inducing agents is greatly curtailed" [@pone.0061983-Hoyumpa1], and the "induction of drug metabolizing enzymes is not impaired in liver cirrhosis" [@pone.0061983-Elbekai1]. Because of ethical concerns (i.e., the impossibility of administering repeated doses of a non-therapeutic inducing agent to patients with severe liver dysfunction), human studies had to rely on hepatopathic patients taking inducers for therapeutic purposes and, consequently, often lacked rigorous methodology. Although multiple factors may have contributed to the generation of conflicting results [@pone.0061983-Hoyumpa1], a recent analysis of the literature [@pone.0061983-Palatini2] led us to conclude that these studies do not provide clear indications, mainly because they examined pathologically heterogeneous patient groups, with either unspecified degrees of liver dysfunction or including patients with mild and serious liver insufficiency.

To our knowledge, three studies addressed this question in animal models of cirrhosis. Two of these studies, which examined rats with mild liver cirrhosis, found similar degrees of induction of CYP-mediated metabolic reactions in normal and cirrhotic rats [@pone.0061983-Farrell1], [@pone.0061983-Wu1]. A third study [@pone.0061983-Marshall1] included 5 cirrhotic rats with different degrees of liver cirrhosis, according to histological examination. The response to the inducer differed considerably in the cirrhotic group and, because of the wide scatter, this was not significantly different from that of control rats. However, the response appeared diminished in the 2 animals with more severe cirrhosis. Thus, animal investigations indicate that enzyme induction is well preserved in mild cirrhosis, whereas they do not provide any definitive conclusion as to whether it is compromised in the decompensated state of cirrhosis. Moreover, neither human nor animal studies investigated the mechanism(s) by which cirrhosis may reduce the liver response to inducing agents.

To clarify these questions, this study assessed the effect of liver dysfunction on enzyme induction in animals rigorously stratified according to the severity of liver cirrhosis. For this purpose, we used a validated animal model of liver cirrhosis produced by exposure to carbon tetrachloride (CCl~4~) [@pone.0061983-Jimnez1], [@pone.0061983-Jimnez2]. This method made it possible to obtain rats with compensated or decompensated cirrhosis depending on the length of exposure to CCl~4~. Control and cirrhotic rats were then treated with the prototypical inducer benzo\[a\]pyrene (BP), which increases primarily the expression of CYP1A1 and CYP1A2 *via* activation of the aryl hydrocarbon receptor (AhR), a transcription factor which, upon ligand binding and subsequent heterodimerization with the AhR nuclear translocator (Arnt), interacts with the AhR response element of CYP1A genes [@pone.0061983-Park1], [@pone.0061983-Nebert1]. The inducing effect was assessed by means of three different techniques: 1) determination of CYP1A1, CYP1A2 and AhR mRNA steady-state levels by quantitative real-time reverse transcription-polymerase chain reaction (qPCR); b) measurement of the protein expressions of CYP1A enzymes and AhR by means of Western blot analysis; c) determination of the kinetic parameters of CYP1A1 and CYP1A2 enzyme reactions by means of kinetic analysis. The simultaneous determination of the mRNA transcript, and the immunoreactive and catalytically active proteins makes it possible to discriminate between the mechanisms by which liver cirrhosis may curtail enzyme induction, i.e. by impairing gene transcription, mRNA translation or the catalytic efficiency of CYP enzymes.

Materials and Methods {#s2}
=====================

Reagents {#s2a}
--------

BP, 7-ethoxyresorufin, 7-methoxyresorufin, resorufin, NADPH, dimethylsulfoxide (DMSO), 40% acrylamide solution, sodium dodecyl sulfate (SDS), and Tween 20 were purchased from Sigma-Aldrich Italy (Milan, Italy). Phenobarbital was obtained from Bracco S.p.A. (Milan, Italy). Methanol (HPLC grade) was from Carlo Erba Reagenti (Milan, Italy). Ultrapure water was obtained by means of a Pure-Lab Option Q apparatus (Elga Lab Water, High Wycombe, UK).

Microsomes prepared from baculovirus-infected insect cells expressing rat CYP1A1 or CYP1A2 (Supersomes™) were purchased from BD Gentest (Woburn, MA, USA). The expression levels of CYP1A1 and CYP1A2 were provided by the manufacturer's data sheets.

Mouse monoclonal antibody reactive against rat CYP1A1/2 and rabbit anti-mouse IgG used as the secondary antibody were obtained from Abcam (Cambridge, UK); mouse monoclonal antibody reactive against rat AhR was from GeneTex, Inc. (Irvine, CA, USA), and mouse monoclonal antibody reactive against rat β-actin was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).

Animals and Treatments {#s2b}
----------------------

### 1. Ethics Statement {#s2b1}

The procedures involving animals and their care were in conformity with institutional guidelines that comply with national and international laws and policies (European Economic Community Council Directive 86/609,OJ L 358, 1, Dec.12, 1987; NIH Guide for the Care and Use of Laboratory Animals, NIH Publication no. 85-23, 1985). The study design was approved by the Ethics Committee of the University of Padova for the care and use of laboratory animals (Prot. no. 18758 -- March 26, 2010).

### 2. Study design {#s2b2}

The investigation was performed on 60 male Wistar rats, which were divided randomly into 2 initial groups ([Fig. 1](#pone-0061983-g001){ref-type="fig"}): 1) Healthy rats, consisting of 16 animals; 2) Cirrhotic rats, consisting of 44 animals in which cirrhosis was induced by exposure to carbon tetrachloride (CCl~4~). Phenobarbital (0.3 g/L) was added to the drinking water of both groups for 2 weeks. After a 2-week washout period, which was shown to be sufficient to allow full withdrawal of the inducing effect of phenobarbital on hepatic CYPs [@pone.0061983-Farrell1], [@pone.0061983-Marshall1], the healthy group was divided into two subgroups: one, designated as induced healthy rats, received 20 mg/kg BP dissolved in 3 ml of corn oil once daily for 3 consecutive days by the intraperitoneal route; the other (control healthy rats) received only corn oil according to the same administration protocol. Exposure to phenobarbital in drinking water was not suspended for the other 44 rats, in which cirrhosis was induced by exposing the animals to CCl~4~ in an inhalation chamber twice a week, following a method previously described [@pone.0061983-Jimnez1], [@pone.0061983-Jimnez2]. Coadministration of phenobarbital greatly increases the formation rate of the reactive metabolites of CCl~4~ responsible for the development of cirrhosis, thereby drastically reducing the cirrhosis induction time [@pone.0061983-Jimnez2], [@pone.0061983-DaRosa1]. After 10 weeks (during which 7 rats died and 4 developed ascites, since cirrhosis progresses at different rates in CCl~4~-treated animals [@pone.0061983-Marshall1], [@pone.0061983-Jimnez2]), 16 rats not showing ascites were divided into 2 groups of 8 animals. Following a 2-week washout period, these rats, which all had histologically proven cirrhosis, as ascertained from *post-mortem* histological examination (see below), were treated with BP (non-ascitic induced rats) or vehicle (non-ascitic control rats) as described above. The remaining 17 rats were further subjected to CCl~4~ treatment (which never exceeded 15 weeks) until ascites was ascertained by abdominal palpation. As ascites was ascertained, rats (including those which had developed ascites during the first 10 weeks) were alternatively treated, after a 2-week washout period, with BP (induced ascitic rats) or vehicle (control ascitic rats), as specified above. Treatments were continued until 8 ascitic rats per group were obtained.

![Study design.\
PB: Phenobarbital; BP: benzo\[a\]pyrene.](pone.0061983.g001){#pone-0061983-g001}

At the end of treatment, rats were weighed and sacrificed under sevoflurane anaesthesia (2.5% per liter of oxygen) 24 hrs after the last dose of BP or corn oil. Blood was collected by cardiac puncture for biochemical tests of liver function \[alanine aminotransferase (ALT), aspartate aminotransferase (AST), serum albumin and total bilirubin concentrations\]. After exsanguination, livers were rapidly removed and weighed for the determination of liver index \[(liver weight/body weight)×100\]. A piece (3--4 g) of liver was obtained for histological examination. The liver was then rinsed in ice-cold 0.9% NaCl and a small piece (less than 100 mg of hepatic tissue) was placed in an Eppendorf tube containing 0.75 ml of TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) for total RNA extraction. This sample and the remaining liver were quickly frozen and stored at −80°C until used.

Histological Evaluation {#s2c}
-----------------------

Immediately after excision, liver specimens were fixed in 4% neutral buffered formalin for 12--24 hours. They were then grossly cut in order to obtain adequate biopsies to be embedded in paraffin. From each paraffin block at least two sections 4 µm-thick were sliced and stained with hematoxylin-eosin and picric acid-acid fuchsin (Van Gieson stain), using standard techniques. Histological examinations of liver biopsies were all performed by the same observer who was blinded from any information about the type of rat (BP-treated or untreated; healthy or cirrhotic). Images were obtained by means of a Leica SCN400 slide scanner. In order to evaluate the degree of the CCl~4~-induced liver damage, the Ishak scoring system was adopted, which scores livers from 0 to 6 according to the severity of cirrhotic alterations [@pone.0061983-Ishak1].

Preparation of Liver Microsomal Fraction {#s2d}
----------------------------------------

Frozen hepatic tissue (about 7--8 g) was allowed to thaw in ice-cold homogenizing buffer consisting of 50 mM Tris-HCl, 150 mM KCl and 2 mM EDTA (pH 7.4). After complete thawing, each liver sample was quickly dried, weighed, dissected into small pieces, placed in a Potter-Elvehjem-type glass mortar in the presence of 2 volumes (w/v) of ice-cold homogenizing buffer and homogenized in ice for two 5-sec intervals with an IKA T25 Ultra-Turrax disperser (IKA Werke GmbH & Co., Staufen im Breisgau, Germany) provided with a S25N-18G dispersing tool. This suspension, further homogenized with a motor-driven tissue homogenizer and diluted with 3 volumes of the homogenizing buffer, was then processed according to the method described by Pearce *et al*. [@pone.0061983-Pearce1] to obtain the microsomal fraction.

Protein concentration in the microsomal fraction was determined by means of a commercial available kit (Novagen BCA Protein Assay kit) using a standard calibration curve obtained with known amounts of bovine serum albumin.

Microsomal total CYP content was evaluated from the CO difference spectrum, as described by Omura and Sato [@pone.0061983-Omura1].

Total Protein Extraction from Hepatic Tissue {#s2e}
--------------------------------------------

For Western blot analysis of AhR expression in hepatic tissue, total protein extraction was performed from liver samples by homogenization in a modified Radio-Immunoprecipitation Assay (RIPA) buffer consisting of 25 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% Triton-X-100, 1% sodium deoxycholate, 0.1% SDS, and a Complete Protease Inhibitor Cocktail (Roche, Milan, Italy). For this purpose, frozen hepatic tissue (about 0.2 g) was allowed to thaw in ice-cold RIPA buffer and then homogenized in 10 volumes (w/v) of the same buffer in ice for two 5-sec intervals with an IKA T25 Ultra-Turrax disperser. The homogenate was centrifuged at 4°C for 15 min at 250×*g*, and the supernatant was collected and further centrifuged at 4°C for 5 min at 2200×*g*. The final supernatant, referred to as "total liver protein extract", was assessed for its protein content by means of the Novagen BCA Protein Assay kit.

Determination of mRNA Levels by qPCR {#s2f}
------------------------------------

Total RNA was isolated from liver samples by means of the TRIzol Reagent according to the manufacturer's instructions. RNA integrity and quantity were determined by an RNA 6000 Nano assay in an Agilent BioAnalyser (Agilent Technologies Inc., Palo Alto, CA, USA). Reverse transcription (RT) was performed by means of Superscript III reverse transcriptase with 250 ng of total RNA and random oligonucleotides (Invitrogen).

Real-time RT-PCR was performed as previously described [@pone.0061983-Floreani1], using the same primer sequences. The expression levels of the target genes (*CYP1A1*, *CYP1A2*, *AhR*) and the housekeeping gene (*β-actin*) were quantified by means of the relative standard curve method. The expression of target genes was normalized to that of the *β-actin* gene and modifications of mRNA levels were expressed as fold variation compared with that of control healthy rats.

Western Blot Analysis {#s2g}
---------------------

The analysis of CYP1A1, CYP1A2 and AhR protein expression was performed as previously described [@pone.0061983-Floreani1]. Briefly, 10 µg per lane of hepatic microsomal proteins from uninduced rats, 0.5 µg of microsomal proteins from BP-treated rats, as well as rat recombinant CYP1A1 (0.1 pmol) and CYP1A2 (0.25 pmol) enzymes as reference standards, were subjected to sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) on 10% polyacrylamide gels according to Laemmli [@pone.0061983-Laemmli1].

Signal intensity of immunoreactive bands was analyzed by the Quantity One software (Bio-Rad Laboratories S.r.l.) and was expressed as intensity \* mm^2^ (INT\*mm^2^). Calibration curves were generated by plotting INT\*mm^2^ of the reference standards (recombinant CYP1A1 and CYP1A2 enzymes) against the amount (pmol) of recombinant enzyme loaded. The amount of each CYP enzyme per lane was calculated relative to the calibration curve. The specific amount of CYP1A1 and/or CYP1A2 contained in each microsomal preparation was calculated by dividing the amount of enzyme per lane by the amount of microsomal proteins loaded per lane and was reported as pmol CYP1A1 or CYP1A2/mg protein.

For the evaluation of AhR expression in liver samples from control and BP-treated rats of all groups, total liver protein extract (60 µg of proteins per lane) was used. Proteins were resolved by SDS-PAGE on 8% polyacrylamide gels, as previously described [@pone.0061983-Floreani1]. Since recombinant AhR was not available, the signal intensity (INT\*mm^2^) of the AhR immunoreactive band was normalized to that of the β-actin band, and results were expressed as fold variation with respect to control healthy rats.

Determination of O-dealkylation of Ethoxyresorufin (EROD Activity) and Methoxyresorufin (MROD Activity) by Liver Microsomes {#s2h}
---------------------------------------------------------------------------------------------------------------------------

The incubation mixture (total volume: 0.4 ml) contained 0.1 M KH~2~PO~4~ (pH 7.4), 0.5 mM NADPH, increasing concentrations of ethoxyresorufin or methoxyresorufin (from 0.1 to 5 µM, *n* = 7), and microsomal proteins. For each microsomal preparation preliminary experiments were performed, at the lowest and highest substrate concentrations used for the kinetic assays, in order to assess linearity with respect to incubation time and microsomal protein concentration. For the assay of EROD activity, incubation time was always 5 min, whereas protein concentration had to be varied according to the activity of the microsomal preparation; this ranged from 1 µg/ml (microsomes from BP-induced healthy animals) to 250 µg/ml (microsomes from non-induced ascitic rats). For MROD activity, incubation time was 10 min, and protein concentration ranged from 12.5 µg/ml (induced healthy animals) to 250 µg/ml (non-induced ascitic rats). After a 3-min thermal equilibration at 37°C, the enzyme reactions were started by the addition of NADPH and, after shaking in a water bath at 37°C in aerobic conditions, they were stopped by adding 0.4 ml ice-cold methanol and cooling the sample in ice. The mixture was then centrifuged for 10 min at 20000×*g* (4°C) to remove denatured proteins. An aliquot (60 µl) of the supernatant was analyzed for resorufin quantification by means of a modification [@pone.0061983-Floreani1] of the HPLC method with fluorescence detection, as originally described by Hanioka *et al.* [@pone.0061983-231]. Quantitative determination of resorufin was carried out by standard calibration curves obtained with authentic resorufin at concentrations ranging from 0.0025 to 0.08 nmol/0.4 ml (*n* = 10), processed in exactly the same way as the samples obtained from kinetic experiments. The calibration curves were linear in this concentration range (*r* ^2^≥0.99), the lowest value of the range representing the limit of quantification of the assay. Both inter- and intra-assay CVs for resorufin determination (n = 5) were lower than 5% at 0.0025 nmol/0.4 ml and lower than 3% at 0.08 nmol/0.4 ml. EROD and MROD activities were expressed as pmol of resorufin produced per mg of protein per min.

### Kinetic and statistical analyses {#s2h1}

Initial velocity (v) data for resorufin formation catalyzed by rat liver microsomes in the presence of ethoxyresorufin (EROD activity) or methoxyresorufin (MROD activity) were evaluated by best-fitting procedures, by means of the GraphPad Prism software, version 5 (GraphPad Software Inc., San Diego, CA, USA). The F test was used to discriminate between different kinetic models (one- or two-enzyme Michaelis-Menten model, or one-enzyme Michaelis-Menten kinetics with substrate inhibition). Kinetic parameters were estimated by non-linear regression analysis of untransformed initial velocity data (GraphPad Prism software) using the appropriate equations [@pone.0061983-Copeland1]. The following kinetic parameters were determined: V~max~, maximum velocity of the reaction; K~m~, substrate concentration yielding 50% of V~max~.

Statistical analyses were also performed by means of the GraphPad Prism software. Unless otherwise indicated, the data are presented as mean values ± S.E. Comparison of the experimental data obtained from healthy, non-ascitic and ascitic cirrhotic groups was made by one-way analysis of variance (ANOVA). In case of significant differences (α = 0.05), the analysis of variance was followed by Newman-Keuls post-hoc test. Comparison of the results obtained from control and induced animals within each group was performed by means of Student's t-test. P\<0.05 was considered statistically significant.

Results {#s3}
=======

Serum Chemistry, Histology and Microsomal Total CYP Content of Rat Livers {#s3a}
-------------------------------------------------------------------------

The results of biochemical tests of liver function and histological examination of healthy and cirrhotic rats are shown in [Table 1](#pone-0061983-t001){ref-type="table"} and [Fig. 2](#pone-0061983-g002){ref-type="fig"}. Apart from serum albumin, there were only minor, statistically non-significant differences between healthy and non-ascitic cirrhotic rats. Liver index was increased only in BP-treated rats. On the contrary, in rats with ascites all indexes of liver function were significantly altered, indicating advanced hepatocellular insufficiency. Histological examination revealed normal liver architecture in healthy animals ([Fig. 2A](#pone-0061983-g002){ref-type="fig"}). Livers from non-ascitic rats ([Fig. 2B](#pone-0061983-g002){ref-type="fig"}), despite having still recognizable liver architecture, showed fibrous septa, which were never present in healthy animals. Livers from ascitic animals showed bridging fibrosis surrounding cirrhotic nodules, with the original liver structure completely destroyed ([Fig. 2C](#pone-0061983-g002){ref-type="fig"}).

![Histology of rat livers.\
Representative photomicrographs (Van Gieson stain, 50×magnification) of liver sections taken from an healthy (Ishak score = 0) (A), a non-ascitic (Ishak score = 4) (B), and an ascitic cirrhotic rat (Ishak score = 6) (C).](pone.0061983.g002){#pone-0061983-g002}

10.1371/journal.pone.0061983.t001

###### Biochemical tests of liver function, histological examination and microsomal total CYP content.

![](pone.0061983.t001){#pone-0061983-t001-1}

  Liver tests                             HealthyControl               HealthyBP-treated                            Non-asciticControl                            Non-asciticBP-treated                                                 AsciticControl                                                                        AsciticBP-treated
  -------------------------------------- ---------------- ------------------------------------------- ----------------------------------------------- --------------------------------------------- -------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------
  AST (U/L)                                   126±21                        131±12                                        151±23                                         146±49                       306±75[\*\*\*](#nt104){ref-type="table-fn"} ^,^ [§§§](#nt107){ref-type="table-fn"}    423±127 [\*\*\*](#nt104){ref-type="table-fn"} ^,^ [§§§](#nt107){ref-type="table-fn"}
  ALT (U/L)                                    40±6                          35±5                                          62±6                                           61±18                        99±40[\*\*\*](#nt104){ref-type="table-fn"} ^,^ [§§](#nt106){ref-type="table-fn"}      130±51[\*\*\*](#nt104){ref-type="table-fn"} ^,^ [§§§](#nt107){ref-type="table-fn"}
  Total Bilirubin (µM)                      1.45±0.40                      1.10±0.60                                     1.07±0.60                                      0.70±0.30                      2.59±1.26[\*](#nt102){ref-type="table-fn"} ^,^ [§§](#nt106){ref-type="table-fn"}     4.13±1.30[\*\*\*](#nt104){ref-type="table-fn"} ^,^ [§§§](#nt107){ref-type="table-fn"}
  Albumin (g/L)                              40.2±2.8                      38.0±2.3                    35.0±1.2[\*\*\*](#nt104){ref-type="table-fn"}   33.8±1.1[\*\*](#nt103){ref-type="table-fn"}   30.2±2.0[\*\*\*](#nt104){ref-type="table-fn"} ^,^ [§§§](#nt107){ref-type="table-fn"}    28.0±5.7[\*\*\*](#nt104){ref-type="table-fn"} ^,^ [§§](#nt106){ref-type="table-fn"}
  Liver index (%)                           2.83±0.38                      3.03±0.34                                     3.21±0.41                     3.68±0.59[\*](#nt102){ref-type="table-fn"}     3.75±0.61[\*\*](#nt103){ref-type="table-fn"} ^,^ [§](#nt105){ref-type="table-fn"}      4.44±0.78[\*\*\*](#nt104){ref-type="table-fn"} ^,^ [§](#nt105){ref-type="table-fn"}
  Ishak score (0--6)(median and range)       0 (0--0)                      0 (0--0)                                      4 (3--5)                                       4 (3--5)                                                           6 (6--6)                                                                               6 (6--6)
  Total CYP content(nmol/mg protein)        0.61±0.10      0.94±0.15[c](#nt109){ref-type="table-fn"}                     0.64±0.07                      0.88±0.14[b](#nt108){ref-type="table-fn"}     0.48±0.05[\*\*](#nt103){ref-type="table-fn"} ^,^ [§§](#nt106){ref-type="table-fn"}    0.53±0.11[\*\*\*](#nt104){ref-type="table-fn"} ^,^ [§§§](#nt107){ref-type="table-fn"}

Results are means ± S.D. of data obtained from 8 rats per group.

P\<0.05,

P\<0.01,

P\<0.001 *vs.* healthy rats;

P\<0.05,

P\<0.01,

P\<0.001 *vs.* non-ascitic cirrhotic rats;

P\<0.01,

P\<0.001 *vs*. control rats of the same group. Apart from total CYP content, results obtained from control and BP-treated animals within each group were not significantly different (P\>0.05).

[Table 1](#pone-0061983-t001){ref-type="table"} also shows that the total CYP content of the microsomal fraction obtained from non-ascitic cirrhotic rats was similar to that of healthy animals, whereas that of ascitic rats was significantly decreased. Although BP induces only the enzymes of the CYP1 family, total CYP content was significantly increased in BP-treated healthy and non-ascitic cirrhotic rats, whereas no significant increase was observed in rats with ascitic cirrhosis.

mRNA and Protein Expression of CYP1A1 and CYP1A2 {#s3b}
------------------------------------------------

[Fig. 3](#pone-0061983-g003){ref-type="fig"} shows the values of CYP1A1 and CYP1A2 mRNA expression relative to that of control healthy rats. CYP1A1 mRNA was present at extremely low levels in uninduced rats and increased dramatically in BP-induced healthy and non-ascitic cirrhotic animals. On the contrary, a significantly lower induction was observed in ascitic rats ([Fig. 3A](#pone-0061983-g003){ref-type="fig"}). At variance with CYP1A1, a significant level of CYP1A2 mRNA was present in uninduced healthy rats (about 500 times higher than that of CYP1A1), which decreased markedly with increasing severity of liver cirrhosis ([Fig. 3B](#pone-0061983-g003){ref-type="fig"}). The induction pattern was quite similar to that observed for CYP1A1, since CYP1A2 mRNA was increased to a significantly lower level in ascitic rats, compared with healthy and non-ascitic animals.

![*CYP1A1* and *CYP1A2* gene transcription levels in control and BP-treated rats.\
The experimental data for CYP1A1 (A) and CYP1A2 (B) mRNA levels are reported as fold variation compared with healthy control rats. Results are means ± S.E. of data obtained from 8 rats per group. \*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001 *vs.* healthy rats. ^§^P\<0.05, ^§§^P\<0.01 *vs.* non-ascitic cirrhotic rats. ^b^P\<0.01, ^c^P\<0.001 *vs.* control rats of the same group.](pone.0061983.g003){#pone-0061983-g003}

Western blot analysis (a representative Western blot is shown in [Fig. 4A](#pone-0061983-g004){ref-type="fig"}) provided results that were fully consistent with those of qPCR determination: in liver microsomes of control rats (lanes 3--5) CYP1A1 protein was undetectable, whereas CYP1A2 was constitutively expressed at a considerable level and decreased significantly as liver cirrhosis progressed. In microsomal preparations obtained from induced rats (lanes 6--8) both CYP1A1 and CYP1A2 proteins were clearly evident. The difference in CYP1A2 content between microsomal preparations from BP-treated and untreated animals was actually much greater that that appearing from [Fig. 4A](#pone-0061983-g004){ref-type="fig"}, since 20-fold larger amounts of microsomal proteins from uninduced animals had to be loaded per lane. Normalization of signal intensity to the amount of protein loaded per lane showed that CYP1A1 and CYP1A2 were induced to similar levels ([Figs. 4B and C](#pone-0061983-g004){ref-type="fig"}) in healthy and non-ascitic cirrhotic rats, whereas their induction was significantly lower in rats with ascites. The relative increase in CYP1A2 protein content was 50 times in the first two groups of rats, and 7 times in the last group.

![Western blot analysis of CYP1A1 and CYP1A2 proteins.\
(A) Representative blot showing the separation of microsomal proteins obtained from control and BP-treated rats. The amounts of microsomal proteins loaded per lane were 10 and 0.5 µg for control and BP-treated rats, respectively. As reference standards, 0.1 pmol of rat recombinant CYP1A1 protein and 0.25 pmol of rat recombinant CYP1A2 protein were loaded in lanes 1 and 2, respectively. Lanes 3 to 5: healthy, non-ascitic and ascitic control rats; lanes 6 to 8: healthy, non-ascitic and ascitic BP-treated rats. *Lower Panels*: Levels of CYP1A1 (B) and CYP1A2 (C) proteins present in liver microsomal preparations obtained from control and BP-treated rats. The results are shown as means ± S.E. of data obtained from 8 rats per group. \*\*P\<0.01, \*\*\*P\<0.001 *vs.* healthy rats. ^§^P\<0.05, ^§§§^P\<0.001 *vs.* non-ascitic cirrhotic rats. ^c^P\<0.001 *vs.* control rats of the same group.](pone.0061983.g004){#pone-0061983-g004}

AhR mRNA and Protein Expression {#s3c}
-------------------------------

Since induction of CYP1A enzymes by BP is mediated by the Ah receptor, both the mRNA level and protein content of AhR were measured. [Fig. 5A](#pone-0061983-g005){ref-type="fig"} shows that the constitutive levels of AhR mRNA were similar in healthy and cirrhotic rats, whereas induced levels were considerably lower in cirrhotic animals. At variance with qPCR determinations, Western blot analysis (representative Western blots are shown in [Fig. 5B](#pone-0061983-g005){ref-type="fig"}) revealed that the basal expression of the AhR protein was markedly reduced in ascitic rats. [Fig. 5C](#pone-0061983-g005){ref-type="fig"} confirms that AhR protein expression in control rats was partially dissociated from mRNA levels, since basal AhR protein content was significantly lower in ascitic rats. However, the induction pattern was qualitatively similar to that observed for mRNA ([Fig. 5A](#pone-0061983-g005){ref-type="fig"}).

![*AhR* gene transcription levels and protein expression in control and BP-treated rats.\
(A) Experimental data showing AhR mRNA levels are reported as fold variation compared with healthy control rats. (B) Representative Western blots showing the separation of total liver protein extracts obtained from control and BP-treated rats. The amounts of proteins loaded per lane were 60 µg. The ticks indicating 105 and 43 KDa correspond to the AhR and β-actin bands, respectively. Lanes 1 to 3: healthy, non-ascitic and ascitic control rats; lanes 4 to 6: healthy, non-ascitic and ascitic BP-treated rats. (C) Amount of AhR protein in livers from control and BP-treated rats normalized to the signal intensity of the corresponding β-actin band and shown as fold variation compared with healthy control rats. All results are means ± S.E. of data obtained from 8 rats per group. \*\*P\<0.01 *vs.* healthy rats. ^§^P\<0.05, ^§§^P\<0.01 *vs.* non-ascitic cirrhotic rats. ^a^P\<0.05, ^b^P\<0.01, ^c^P\<0.001 *vs.* control rats of the same group.](pone.0061983.g005){#pone-0061983-g005}

Kinetic Analysis of EROD and MROD Activities of Microsomal Preparations {#s3d}
-----------------------------------------------------------------------

The kinetics of EROD activity, a marker reaction for CYP1A1 in BP-induced rats [@pone.0061983-Floreani1], [@pone.0061983-Burke1], was studied, under rigorously controlled initial-rate conditions, by determining the rate of resorufin formation at increasing concentrations of ethoxyresorufin. Untransformed initial velocity data were best fitted by the equation describing one-enzyme Michaelis-Menten kinetics. Although CYP1A1 protein was absent in microsomes obtained from uninduced rats ([Fig. 4A and B](#pone-0061983-g004){ref-type="fig"}), a significant EROD activity was observed, but was not reported in [Fig. 6](#pone-0061983-g006){ref-type="fig"} and [Table 2](#pone-0061983-t002){ref-type="table"}, because it is catalyzed by other CYP forms (see Discussion). Following BP treatment, EROD activity was considerably higher in healthy and non-ascitic rats compared with ascitic animals ([Fig. 6](#pone-0061983-g006){ref-type="fig"}). Consistent with these observations, [Table 2](#pone-0061983-t002){ref-type="table"} shows that in induced animals the V~max~ value of the reaction was significantly higher in healthy and non-ascitic cirrhotic rats than in rats with ascitic cirrhosis. K~m~ values were very similar in all groups of BP-treated rats indicating that the same enzyme was responsible for ethoxyresorufin dealkylation in healthy and cirrhotic animals.

![Kinetics of EROD and MROD activities in liver microsomes.\
Microsomal activities of control (○)BP-treated (•) rats. Results are means ± S.E. of data obtained from 8 rats per group. For each rat, activity determinations were performed in triplicate. S.E. is not shown where the size of data points is larger than the S.E. bar.](pone.0061983.g006){#pone-0061983-g006}
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###### Kinetic parameters for EROD and MROD activities of microsomal preparations obtained from control and BP-treated rats healthy and cirrhotic rats.

![](pone.0061983.t002){#pone-0061983-t002-2}

  Kinetic parameters             HealthyControl                HealthyBP-treated                               Non-asciticControl                             Non-asciticBP-treated                                                  AsciticControl                                                                          AsciticBP-treated
  ----------------------------- ---------------- ---------------------------------------------- ------------------------------------------------- ---------------------------------------------- -------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------
  **EROD activity**                                                                                                                                                                                                                                                                     
  V~max~ (pmol/mgprotein/min)          −                            6282±339                                           --                                            6657±839                                                              --                                                              2674±249[\*\*\*](#nt111){ref-type="table-fn"} ^,\ §§§^
  K~m~ (µM)                            --                          0.20±0.02                                           --                                           0.21±0.02                                                              --                                                                                    0.20±0.04
  **MROD activity**                                                                                                                                                                                                                                                                     
  V~max~ (pmol/mgprotein/min)      82.63±7.32     635.22±47.08[c](#nt113){ref-type="table-fn"}   40.79±1.79[\*\*\*](#nt111){ref-type="table-fn"}   658.15±37.53[c](#nt113){ref-type="table-fn"}   26.48±1.42[\*\*\*](#nt111){ref-type="table-fn"} ^,^ [§](#nt112){ref-type="table-fn"}   184.30±13.17[\*\*\*](#nt111){ref-type="table-fn"} ^,§§§,^ [c](#nt113){ref-type="table-fn"}
  K~m~ (µM)                        0.26±0.01                       0.29±0.03                                        0.29±0.05                                       0.27±0.03                                                          0.28±0.05                                                                                 0.28±0.05

Results are means ± S.E. of data obtained from 8 rats per group. In parenthesis the number of rats belonging to each group. Comparison of the data obtained from healthy, non-ascitic and ascitic cirrhotic groups was made by one-way analysis of variance (ANOVA), followed by Newman-Keuls post-hoc test.

P\<0.001 *vs.* healthy rats;

P\<0.05, and ^§§§^P\<0.001 *vs.* non-ascitic rats. Comparison of the results obtained from control and BP-treated animals within each group was performed by means of Student's t-test.

P\<0.001.

With microsomes from all groups of rats, initial velocity data of MROD activity (marker reaction for CYP1A2 [@pone.0061983-Floreani1], [@pone.0061983-Burke1]) were best fitted by the one-enzyme Michaelis-Menten equation with substrate inhibition ([Fig. 6](#pone-0061983-g006){ref-type="fig"}). This figure clearly shows that basal activity decreased as liver function impairment increased and that induced activity was markedly lower in ascitic rats. [Table 2](#pone-0061983-t002){ref-type="table"} consistently shows that in uninduced rats V~max~ decreased significantly with the progression of liver cirrhosis. Like EROD activity, V~max~ of MROD activity increased to similar levels in BP-treated healthy and non-ascitic rats, and to a significantly lower level in rats with ascites. K~m~ values were very similar in all groups of rats, indicating that the same enzyme catalyzed MROD activity in untreated and BP-treated rats.

Discussion {#s4}
==========

This study has employed for the first time an animal population rigorously stratified according to the severity of liver cirrhosis to evaluate the effect of liver dysfunction on the inducibility of hepatic CYP enzymes. This is also the first study which has set out to elucidate the mechanism underlying the effect of cirrhosis on enzyme induction by simultaneously assessing the mRNA levels, protein expressions and enzymatic activities of the induced enzymes, as well as the mRNA and protein expression of the nuclear receptor which mediates their induction. For this purpose, the AhR-mediated induction of CYP1A enzymes has been investigated, since the molecular machinery of this type of induction is known in detail [@pone.0061983-Park1], [@pone.0061983-Nebert1].

In agreement with literature data indicating that the constitutive expression of CYP1A1 is negligible in liver, while CYP1A2 is predominantly a hepatic enzyme [@pone.0061983-Rendic1]--[@pone.0061983-Murray1], the qPCR determinations of this study show that CYP1A1 mRNA is virtually absent in the liver of uninduced rats, whereas CYP1A2 mRNA is present at a significant level in control healthy rats. Consistent with the results of qPCR determinations, the Western blot analysis shows that no CYP1A1 protein is detectable in uninduced rats, whereas CYP1A2 protein is constitutively expressed. The results of both Western blot and qPCR analyses also show that basal mRNA and protein expressions of CYP1A2 decrease significantly in cirrhotic rats in proportion to the severity of liver cirrhosis (by about 45 and 80% in non-ascitic and ascitic rats, respectively). This finding is in good agreement with human data indicating that CYP1A2 protein expression decreases on average by 71% in patients with severe hepatocellular cirrhosis [@pone.0061983-George1].

Following BP treatment, mRNA and protein expressions of both CYP1A enzymes are dramatically increased to very similar levels in healthy and non-ascitic rats, confirming previous indications that inducibility is essentially preserved in the compensated state of cirrhosis [@pone.0061983-Farrell1]--[@pone.0061983-Marshall1]. On the contrary, the results of qPCR and Western blot analyses show a markedly reduced increase in the mRNA level and protein expression of CYP1A1 and CYP1A2 in ascitic rats, indicating that induction is greatly curtailed in decompensated cirrhosis.

There is a general consensus that the transcription of CYP1A enzymes is increased by BP *via* AhR activation [@pone.0061983-Park1], [@pone.0061983-Nebert1], and it has been shown that AhR expression is up-regulated following the administration of various AhR ligands [@pone.0061983-Floreani1], [@pone.0061983-Lindros1], [@pone.0061983-Franc1]. Therefore, in an attempt to explain the much lower increase in mRNA levels of CYP1A enzymes in induced ascitic rats, both basal and induced mRNA and protein expressions of AhR were determined. The results show an apparent dissociation between the basal levels of AhR mRNA, which are similar in the three groups of rats, and the corresponding protein expression, which is significantly lower in ascitic rats. Such a dissociation between mRNA and protein expression has been observed with various proteins including CYP enzymes, and has been ascribed to translational repression by microRNAs [@pone.0061983-Singh1], some of which are overexpressed in proportion to the degree of liver fibrosis [@pone.0061983-Wang1]. However, following BP induction, both the mRNA level and the protein expression of AhR in ascitic rats are significantly lower compared with healthy and non-ascitic animals. Thus, it cannot be excluded that differences in basal mRNA levels of AhR could not be detected due to their low constitutive expression. Whatever the explanation may be, our results show that BP treatment increases both the mRNA level and protein expression of AhR to a significantly lower level in ascitic rats, thereby providing a plausible explanation for the much lower inducing effect of BP on mRNA and protein expressions of CYP1A enzymes in this group of animals. However, the possibility cannot be ruled out that a cirrhosis-associated decrease in the expression of Arnt, with which AhR dimerizes [@pone.0061983-Park1], [@pone.0061983-Nebert1], or other AhR cofactors may concur in decreasing the inducibility of CYP1A enzymes in severe liver dysfunction.

Previous studies of CYP1A-catalyzed enzymatic activities [@pone.0061983-Floreani1], [@pone.0061983-Burke1] have shown that EROD activity, although currently used as a marker reaction for CYP1A1, is only specific in rats induced by means of AhR ligands, whereas it is catalysed by other CYPs (mainly CYP2C6) in uninduced rats, in which (as this study also shows; [Fig. 4](#pone-0061983-g004){ref-type="fig"}), CYP1A1 is virtually absent. Consistent with the observations of these previous studies [@pone.0061983-Floreani1], [@pone.0061983-Burke1], our kinetic analysis shows that the K~m~ value of EROD activity in uninduced animals is greater than 1 µM (results not shown), i.e. more than 5 times higher than that of BP-induced EROD activity (0.20 µM, [Table 2](#pone-0061983-t002){ref-type="table"}), thereby confirming that different CYPs catalyze EROD activity in control and BP-treated animals. For this reason, we did not report EROD activity of uninduced animals. At variance with EROD, MROD activity has been shown to be a specific marker reaction for CYP1A2 in both uninduced and BP-treated rats [@pone.0061983-Floreani1], [@pone.0061983-Burke1]. The results of our kinetic analysis are in keeping with those of qPCR and Western blot experiments, since they show that induced EROD (CYP1A1) activity is totally preserved in rats with non-ascitic cirrhosis, whereas it is markedly reduced (by about 60%) in ascitic rats. The effect of cirrhosis on basal and induced MROD (CYP1A2) activities is also similar to that observed on mRNA and protein expression of CYP1A2 since, a) as the severity of liver dysfunction increases, basal MROD activity decreases to a level as low as 30% of that in healthy animals; b) the induction of MROD activity is preserved in rats with non-ascitic cirrhosis, whereas it is drastically reduced (by more than 70%) in ascitic rats.

In conclusion, our methodological approach, involving the evaluation of rats rigorously stratified according to the degree of liver dysfunction, has enabled us to provide conclusive evidence that enzyme inducibility is still preserved in the compensated state of cirrhosis, whereas it is drastically reduced when liver dysfunction becomes severe. This finding may at least in part explain why conflicting results were obtained by human studies, which examined patient populations with different degrees of liver insufficiency [@pone.0061983-Palatini2]. Moreover, the simultaneous assessment of mRNA and protein expressions of CYP1A enzymes and AhR has, at least in part, clarified the mechanism responsible for the cirrhosis-associated decrease of inducibility. In particular, the observation that induced mRNA level, protein expression and enzymatic activity are proportionally decreased in ascitic rats indicates that the process of enzyme induction is compromised at the pretranslational level. Although, in principle, decreased mRNA levels can be the result of either decreased mRNA transcription or increased mRNA turnover, the finding that both constitutive and induced protein expressions of AhR are decreased in rats with ascitic cirrhosis appears to be consistent with reduced transcription of CYP1A genes. This finding may also explain the cirrhosis-associated decrease in the constitutive level of CYP1A2 mRNA ([Fig. 3B](#pone-0061983-g003){ref-type="fig"}), as previously observed also in human beings [@pone.0061983-George2].

Since various different mechanisms mediate CYP induction, the above conclusions regarding CYP1A enzymes cannot *a priori* be extended to the induction of all CYP forms. Therefore, there may be a possibility that, like the constitutive expression of CYP enzymes [@pone.0061983-Murray1], [@pone.0061983-Farrell2], [@pone.0061983-Verbeeck1], their inducibility is differentially affected by liver dysfunction. In order to gain further insight into this question, studies are in progress in our laboratory that aim to assess the effect of liver cirrhosis on CYP induction mediated by other nuclear receptors.
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